Abstract Epidemiologic studies suggest that physical activity reduces breast cancer risk by 20-40 %. However, prior studies have relied on measures of self-report. In a population-based case-control study, we evaluated accelerometer measures of active and sedentary behavior in relation to breast cancer among 996 incident cases and 1,164 controls, residents of Warsaw, Poland (2000 -2003 , who were asked to wear an accelerometer for 7 days. Accelerometer values were averaged across valid wear days and summarized as overall activity (counts [ct]/min/ day); in minutes spent in sedentary behavior (0-99 ct/min); and light (100-759 ct/min) and moderate-to-vigorous (760? ct/min) activity. Odds ratios (OR) and 95 % confidence intervals (CI) were estimated using unconditional logistic regression. Comparing women in the highest quartile (Q4) of activity to those in the lowest (Q1), time spent in moderate-to-vigorous activity was inversely associated with breast cancer odds after adjustment for known risk factors, sedentary behavior and wear time (OR Q4vsQ1 0.39, 95 % CI 0.27-0.56; P-trend \ .0001). Sedentary time was positively associated with breast cancer, independent of moderate-to-vigorous activity (OR Q4vsQ1 1.81, 95 % CI 1.26-2.60; P-trend = 0.001). Light activity was not associated with breast cancer in multivariable models including both moderate-to-vigorous activity and sedentary behavior. Our findings support an 
Introduction
Epidemiologic studies suggest that increased physical activity reduces breast cancer risk [1] [2] [3] , with risk reductions ranging from 20 to 40 %, depending on the study design, population, and intensity of activity. Protective associations with increased activity have been observed for both pre-and postmenopausal breast cancer risk with more consistent associations noted among studies of postmenopausal women (reviewed in [4] ). While numerous studies have evaluated physical activity in relation to breast cancer, few studies have considered the potential independent role of sedentary behavior on risk [5, 6] , and moreover, prior studies have relied solely on self-reported measures of physical activity and sedentary behavior.
The influence of both active and sedentary behavior on breast cancer risk is biologically plausible. Sedentary behavior, characterized by behaviors that require sitting or lying down and only low energy expenditure [7] , has been independently associated with breast cancer risk factors, including increased body mass index (BMI) and biomarkers of metabolic dysfunction and inflammation [8] [9] [10] [11] . These biological pathways are implicated in breast carcinogenesis and are also hypothesized mechanisms for the association between physical activity and breast cancer [12] . Despite this biologic rationale, only two studies have evaluated the relation between self-reported sedentary behaviors and breast cancer risk [5, 6] , with null findings reported. However, self-reported sedentary time may lead to potential measurement error, biasing results toward a null association.
Accelerometer-based measures of physical activity and sedentary time may improve the assessment of these behaviors by objectively quantifying the duration and intensity of a range of activities. In a population-based case-control study, we evaluated accelerometer-based measures of active and sedentary behavior in relation to breast cancer.
Methods
Details of the NCI Polish Breast Cancer Case-Control Study have been described elsewhere [13, 14] . In brief, the NCI Polish Study is a population-based case-control study conducted among women 20-74 years of age, residing in Warsaw and Łódź, Poland from 2000 to 2003. The accelerometer component of the NCI Polish Study was restricted to Warsaw. Newly diagnosed cytologically or histologically confirmed in situ or invasive breast cancers were identified using a rapid identification system and the Warsaw cancer registry. Information on tumor size, grade, and axillary node status was ascertained from surgical pathology reports; hormone receptor status was ascertained via immunohistochemistry. Tumor characteristics were independently confirmed by the study pathologist. Treatment information was ascertained from medical records and surgical pathology forms. Controls were randomly selected from the Polish Electronic System, a database with demographic information from all Polish residents, and were frequency matched to cases in 5-year-age categories. Among Warsaw participants, 76 % of eligible cases and 69 % of eligible controls agreed to participate in the interview-based questionnaire. The study protocol was reviewed and approved by Institutional Review Boards at the US National Cancer Institute (NCI) and the participating Polish institutions.
Risk factors assessed via an interview-administered questionnaire included demographic information, occupational history, medical and reproductive history, hormone use, and lifestyle factors. Height and weight were measured by study nurses. Women participating from the Warsaw site (n = 1,546 cases/1,588 controls) were also asked to wear an accelerometer on their waist for 7 days and to complete a daily log to document monitor wear. Participants were instructed to wear the monitor during waking hours and to remove it while sleeping or engaging in activities such as bathing or swimming. Participants were also asked to record when the monitor was removed and to provide the reason. On average, cases initiated their accelerometer wear time 60 days postdiagnosis. Seventynine percent (n = 1,219) of cases and 85 % of controls (n = 1,356) consented to wearing an accelerometer. Of those, women currently pregnant (n = 1 control) and cases with histologies other than in situ or invasive breast carcinoma (n = 6 cases) were excluded, resulting in a total of 1,213 cases and 1,355 controls eligible for this analysis (Fig. 1) .
Data collection

Accelerometer measures
The accelerometer (Actigraph 7164; Actigraph, LLC, Fort Walton Beach, Florida) measures bodily movement on a minute-by-minute basis and stores this information in the form of an ''activity count'' that reflects the duration and intensity of ambulatory activities [15] . Physical activity and sedentary behavior were summarized by the number of minutes per day spent sedentary (0-99 counts) or in light (100-759 counts) and moderate-to-vigorous (760? counts) activity. Overall activity was summarized by total counts per day (ct/min/day). These count cut-points were selected based on prior studies [15, 16] . We employed standard data reduction procedures [16] to determine monitor wear time and implement quality control procedures to exclude invalid days of observation with less than 10 h of monitor wear or evidence of monitor malfunction. All summary measures were averaged across valid days of wear. The exclusions made during the processing and cleaning of the monitor data are detailed in Fig. 1 . Excluded were women with unusable monitor data (n = 192 cases/163 controls), excessive monitor counts ([20,000 ct/min, n = 5 cases/10 controls), \10 h of wear on all days (n = 20 cases/17 controls), or other invalid data (n = 1 control). All women included in this analysis had at least one valid day of wear (10 h of wear). Thus, the final study population includes 996 incident breast cancer cases and 1,164 controls.
Statistical analysis
Median levels of each accelerometer measure were compared by case-control status using the Kruskal-Wallis test. Spearman rank correlation coefficients were used to assess correlations between accelerometer measures. Accelerometer-based measures were categorized based on the quartile (Q) distribution among the controls. Unconditional logistic regression was used to estimate odds ratios (ORs) and 95 % confidence intervals (CIs). Minimally adjusted models included age (continuous), BMI (\25, 25-29, C30 kg/m 2 , unknown), and wear time (minutes) as covariates. Fully adjusted multivariable (MV) models included additional adjustment for the following breast cancer risk factors: education (less than high school, high school/some college/professional training, college graduate, unknown), current smoker (yes/no), age at menarche (B12, 13-14, C15, unknown), number of full term births (0, 1, 2, 3?), family history of breast cancer among first degree female relatives (yes/no), history of screening mammography (yes/ no/unknown), history of benign breast disease (yes/no/ unknown), and a combined variable for menopausal status/ age at menopause (premenopausal and postmenopausal/age at menopause \45, 45-49, 50-54, 55?, unknown). Oral contraceptive and hormone therapy use were not included in the final models as addition of these covariates did not alter risk estimates nor were they associated with accelerometer measures. Time spent in sedentary and active behaviors were modeled (1) individually and (2) mutually adjusted for one another to test for independent associations. Wald tests of trend were performed using the midpoint for each category of the accelerometer measure. In sensitivity analyses, the above models were restricted to women with C3 days of valid wear.
Stratified analyses were conducted to assess whether the association between accelerometer measures and breast cancer risk varied by BMI (\25, 25-29, C30 kg/m 2 ) or menopausal status (premenopausal, postmenopausal) . Interactions between accelerometer measures and these factors were tested using multiparameter Wald tests. We performed separate polytomous logistic regression models, restricting to invasive tumors, to assess whether the association between accelerometer measures and breast cancer varied by tumor size (B2 cm, [2 cm, unknown), tumor grade (well/moderately differentiated, poorly differentiated, unknown), axillary node metastasis (positive, negative, unknown), estrogen receptor (ER) status (positive, negative, unknown), and progesterone receptor (PR) status (positive, negative, unknown). These polytomous models were adjusted only for age, BMI, and wear time. Heterogeneity of exposure-disease ORs was evaluated using logistic regression restricted to cases [17] with the relevant tumor characteristic as the outcome and the accelerometer measure as the exposure.
To evaluate potential treatment effects, we created an indicator variable to account for the timing of monitor wear in relation to the timing of treatment (i.e., whether the monitor was worn before or after surgery or other treatments). Other treatments included chemotherapy, radiotherapy, or hormone therapy. Given the variability in timing of monitor wear, we categorized women according to whether the monitor was worn before surgery and other treatments, after surgery but prior to other treatments, after surgery and other treatments, surgery date unknown, and treatment date unknown. Separate logistic regression models were performed, restricting the cases by the indicator variables listed above.
Similar estimates were observed when in situ cases (n = 76) were excluded; thus, we present the results from the analyses including all breast cancers. All statistical analyses were performed using SAS version 9.2. Probability values\0.05 were considered statistically significant.
Results
The distribution of breast cancer risk factors by casecontrol status is presented in Table 1 . The majority of the subjects were 50 years of age or older and postmenopausal. Compared with controls, cases had younger ages at menarche (B12 years), more education, later ages at a first birth and more frequent family histories of breast cancer.
The distribution of accelerometer measures among cases and controls is presented in Supplementary respectively, P \ .0001) and both light and moderate-tovigorous activity were inversely correlated with sedentary time (light activity: r = -0.46 and -0.45, respectively, P \ .0001; moderate-to-vigorous activity: r = -0.49 and -0.53, respectively, P \ .0001) (Supplementary Table 2) . Table 2 summarizes the association of breast cancer with each individual accelerometer measure. Results from MV models were similar to those from analyses adjusted only for age, BMI, and monitor wear time; thus, estimates from the parsimonious models are described hereafter.
When comparing women in the highest versus lowest quartile of overall activity counts, overall activity was inversely associated with breast cancer (OR Q4vsQ1 0.30; 95 % CI 0.23, 0.39; P-trend \ 0.0001). Time spent in both light (OR 0.45; 95 % CI 0.34, 0.59; P-trend \ 0.0001) and moderate-to-vigorous (OR 0.27; 95 % CI 0.20, 0.35; Ptrend \ 0.0001) intensity activities were statistically significantly associated with reduced odds of breast cancer. A significant increase in breast cancer was associated with increasing quartiles of sedentary time such that the highest Table 2 (data not shown).
The inverse associations observed with moderate-tovigorous activity in the overall analyses (Table 2) were observed across all models, regardless of whether the monitor was worn pre-or postsurgery and other treatments (Table 3) . When cases were restricted to those who wore the monitor prior to surgery and other treatments, increased time spent in moderate-to-vigorous activity was associated with approximately a 60 % reduction in breast cancer odds (OR Q4vsQ1 0.43; 95 % CI 0.22, 0.86), similar to the overall results. The association between sedentary time and breast cancer varied by timing of monitor wear in relation to treatment. Among women who wore the monitor prior to surgery and other treatments, we observed no evidence of a positive association with sedentary behavior which is in contrast to the finding observed in analyses restricting cases to women who wore the monitor after surgery (Table 3) .
In analyses stratified by tumor characteristics, reduced odds were observed for all tumor types with increasing moderate-to-vigorous activity (Table 4) . No statistical differences by tumor size, tumor grade, nodal status, or hormone receptor status were observed (P-heterogeneity C0.25) in models with simultaneous adjustment for moderate-to-vigorous activity and sedentary behavior. However, the positive association between sedentary time and breast cancer appeared weaker for those with node negative than positive tumors (respective OR Q4vsQ1 1.50; 95 % CI 0.96, 2.34 vs. 2.45; 95 % CI 1.41, 4.23; P-heterogeneity = 0.41). In analyses stratified by BMI and menopausal status (Table 5) , we observed no effect modification by menopausal status of associations with either sedentary time or moderate-to-vigorous activity. However, associations between sedentary time and breast cancer risk varied by BMI (P-interaction = 0.005), with relationships restricted to overweight women (BMI 25À29 kg=m 2 OR Q4vsQ1 3.13; 95 % CI 1.63-6.01) (P-trend = 0.0006). Estimates among women with a BMI C 30 kg/m 2 were suggestive of a positive association with increased time spent sedentary, although not statistically significant.
Discussion
Within this population-based case-control study, our findings suggest that accelerometer-measured physical activity is inversely associated with breast cancer risk, with strong reductions associated with increasing moderate-to-vigorous activity, after accounting for time spent sedentary. Furthermore, independent of the amount of time spent in moderate-to-vigorous activity, increased time spent sedentary appeared associated with increased odds of breast cancer.
Notwithstanding our results, we cannot dismiss the potential for treatment and disease status to have influenced our findings. To address the effects of treatment, we conducted sensitivity analyses based on whether cases wore the monitor before or only after surgery and/or other treatments. While the timing of treatment may have affected both active and sedentary behavior among the cases, the estimates for moderate-to-vigorous activity were relatively consistent regardless of when the monitor was worn. In contrast, we saw no evidence of an association between sedentary time and breast cancer when cases were restricted to those who wore the monitor prior to surgery and other treatments, suggesting that the increased odds associated with sedentary behavior may be a reflection of diseased subjects becoming more sedentary after treatment.
Studies of self-reported physical activity and breast cancer have evaluated whether observed associations vary by hormone receptor status, with inconsistent findings reported [4] . We also examined associations by tumor characteristics to disentangle the potential influence disease status may have had on the behaviors of cases and to assess potential tumor heterogeneity in estimates. Inverse associations for moderate-to-vigorous activity remained relatively consistent across tumor characteristics. Although we found no statistical heterogeneity in the relations of sedentary behavior to breast cancer according to tumor size, tumor grade, and hormone receptor status, those with node positive tumors may have spent more time sedentary, possibly reflecting more severe diagnoses and/or treatment modalities. Establishing temporality is difficult within the context of a case-control design; however, the lack of statistical heterogeneity in associations with tumor characteristics suggests that associations are not entirely explained by disease severity.
Despite these issues, our findings are consistent with the hypothesis that sedentary behavior is independently Models adjusted for the following: age, BMI, and wear time. Cases who wore the monitor prior to surgery and after other treatments were excluded from these analyses (n = 21) due to small numbers across accelerometer categories a Time spent sedentary or in moderate-to-vigorous activity calculated as the average minutes per day across valid days of wear. Categories determined by the quartile distribution among controls; behavior defined by the following counts: sedentary (0-99 counts) and moderate-to-vigorous (760? counts); data for moderate-to-vigorous activity missing for one case associated with adverse health outcomes, even among those physically active [7] . This notion has largely been evaluated in the field of mortality [18] and cardiovascular disease [19] . However, to date, there is limited information on the association between sedentary behavior and breast cancer risk [5, 6, 20] . In contrast to our findings, results from a cohort study conducted within the NIH-AARP Diet and Health Study [5] and a case-control study conducted in India [6] suggest no association between self-reported sedentary time, measured as time spent watching television/playing video games or sitting at work, and breast cancer risk. Given the limitations of self-reported measures, one cannot rule out the potential for measurement error to have biased their results toward the null. Within our study, on average, cases and controls spent 60 and 55 %, respectively, of their time in behaviors of low energy expenditure. These estimates of objectively measured sedentary time are similar to those estimated for women of comparable ages in the National Health and Nutrition Survey (NHANES) population [16, 21] . Our findings suggest that studies of pre-diagnostic self-report and accelerometer-based measures of sedentary behavior are warranted, particularly in light of the high levels of sedentary behavior in which most adults engage on a daily basis.
In terms of relationships of breast cancer with objective measures of physical activity, we observed strong inverse associations with overall activity, and with both light and moderate-to-vigorous intensity activity. These findings are consistent with the majority of prior studies of self-reported physical activity, including a prior report from the NCI Polish Breast Cancer Study [13] , which have observed risk reductions ranging from 25 to 30 % depending on the type of activity [22] . However, as the magnitude of associations for moderate-to-vigorous activity were stronger (i.e., 60-70 % reductions) for accelerometer-measured than what is generally seen for self-reported activity, our findings may reflect improved precision of time spent in activity when accelerometer-based exposure assessments are employed. Nonetheless, one cannot exclude the possibility that the risk reductions observed in our study may also, in part, be explained by reverse causation. Thus, these findings require replication in prospective studies with objective measures of pre-diagnostic activity. Objective measures of active and sedentary time have been evaluated in cross-sectional studies of cardio-metabolic biomarkers [11] and breast cancer risk factors [9] . Increased activity, as measured objectively, was inversely associated with breast cancer risk factors, including C-reactive protein, insulin, BMI, and waist-to-hip ratio [9] . These studies validate the use of accelerometer measures in breast cancer studies and lend support for a biological rationale underlying associations between objective measures and breast cancer.
Given the multiple, inter-related biological mechanisms potentially underlying associations with active and sedentary behavior, we assessed whether these behaviors may have differential associations among subgroups defined by menopausal status and BMI. Results from studies of selfreported physical activity have suggested stronger, more consistent risk reductions among postmenopausal versus premenopausal women [3] . However, in our analysis, associations with objectively measured sedentary time or moderate-to-vigorous activity did not differ by menopausal status, a finding consistent with that from the prior analysis of self-reported measures in this study [13] . With respect to BMI, we observed a strong positive association with increased sedentary time among overweight women. Results from studies of self-reported sedentary behavior are limited but suggest no potential effect modification by BMI [4] .
Although accelerometers may increase the precision and range of exposure, there are also limitations to this measure. Accelerometers capture a wide range of ambulatory activities, including walking, yet activities such as swimming, cycling, and load carrying are not always measured well by the accelerometer [15] . It is possible that women diagnosed with breast cancer may choose to engage in lower impact activities, such as swimming or cycling; however, this potential bias seems unlikely in our population as only 3.6 % of women reported removing their accelerometer for either swimming or cycling activities (n = 77). Of these, 19 were breast cancer cases. Although the cut-points we used to distinguish between time spent in sedentary behavior or in light and moderate-to-vigorous activity were based on calibration studies [15, 16] , our estimates of time spent in each of these behaviors were dependent on assigned cut-points. While the mean values (minutes/day) may vary if different cut-points were used, our overall findings for active and sedentary behavior in this report would not be affected. In addition to limitations inherent to both the accelerometer and the case-control study design, an underlying assumption of this analysis is that postdiagnostic active and sedentary behavior serves as a proxy for pre-diagnostic behavior among these women. However, it is possible that cases may have altered their physical activity patterns after diagnosis and/or treatment. Irwin et al. [23] examined physical activity levels before and after breast cancer diagnosis among a cohort of women, overall, and in relation to treatment type. On average, physical activity levels decreased by 11 % after a breast cancer diagnosis with greater decreases observed among women undergoing radiation or chemotherapy versus surgery alone [23] . Although we could not directly assess changes pre-and postdiagnosis, the range of time spent in both active and sedentary behavior was similar for cases and controls. If cases increased their sedentary time due to the nature of their diagnosis, one would expect to see much larger differences in the range of sedentary time by case-control status; nevertheless, we cannot rule out the possibility that bias introduced by disease status may have resulted in overestimation of observed effects of both active and sedentary behaviors.
The balance between an ideal timing of exposure assessment, often gained by prospective study designs, and optimizing exposure measurement with the use of an objective tool is a challenge. However, the innovative application of accelerometers in this large populationbased case-control study provided an objective alternative to approximate usual activity. Participants wore the monitor for an average of 5 valid days (of the 7 days requested), with similar compliance by both cases and controls; this is in line with reported average days of wear from previous studies in NHANES [16] . In addition, we were able to assess the independent associations of different types of behavior. Furthermore, our study offered a wide range of exposure information, a high participation rate, and a large number of cases and controls, which afforded the opportunity to assess potential differences by subgroups and tumor characteristics and to capture a wide range of behaviors.
In summary, in this first study to assess objective measures of both active and sedentary behavior in relation to breast cancer, our findings support a reduction in the odds of breast cancer with increased light and moderate-to-vigorous activity. Our results confirm those of prior studies of self-report suggesting beneficial risk reductions for breast cancer with increased activity and support current international public health guidelines [24, 25] recommending that women engage regularly in moderate-to-vigorous intensity activity for breast cancer risk reduction. In addition, our results are suggestive of potential increases in breast cancer with increasing time spent sedentary; however, given the limitations inherent to the case-control design, these findings should be cautiously interpreted. 
